We present a nonfluorescent protein microarray, the land-contrast BioCD, on which interferometric contrast is induced by a patterned substrate rather than by patterned protein. The substrate is an oxidized silicon wafer with etched spot patterns. Within the spots the SiO 2 thickness is 140 nm and on the land it is 77 nm. The spot and the land have equal reflectance but opposite interferometric quadrature responses for protein layer. Protein is evenly immobilized on the entire chip and detected by reflectometry. The contrast between spot and land is directly converted to protein thickness. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3040303͔
Traditional protein microarrays use the format of protein spots printed on a homogeneous substrate ͑the surrounding land͒ to produce the contrast for imaging molecular binding. However, protein printing is subject to spot defects 1-3 ͑wash-ing tails, spot unevenness, donut shape, etc.͒ which cause considerable interspot differences and spot-background unevenness leading to systematic shifts in the data.
In this letter, we present the demonstration of the landcontrast ͑LC͒ BioCD on which the image contrast is produced by a spatially patterned substrate rather than by the protein pattern. The in-line BioCD [4] [5] [6] utilizes surfaceenhanced reflectometry to detect protein immobilized on silicon wafers with 140 nm thermal oxide to maximize the sensitivity. The oxide layer establishes an interferometric quadrature condition, and a 1 nm protein layer ͑in a spot͒ induces 2.55% reflectance change ͑⌬R / R͒ at 633 nm wavelength and normal incidence. The LC BioCD extends this concept by utilizing two complementary quadrature conditions between the spot and the land to enhance signal. This is achieved because equal protein binding on the spot and the land produces equal but opposite responses. To do this, we etched spot patterns ͑the pattern is not limited to be spots͒ in the thermal oxide using photolithography. The spot regions have 140 nm SiO 2 , while the land has been etched to 77 nm ͓Fig. 1͑a1͔͒. Their reflection coefficients are conjugate to each other ͑respectively, 0.07− 0.383i and 0.07+ 0.383i͒. The reflectances of both areas are equal to 0.152 ͓Figs. 1͑a2͒ and 1͑b͔͒ at 633 nm wavelength ͑normal incidence͒, while the protein response has opposite signs: ⌬R / R = 2.55% on the spot region while ⌬R / R = −2.55% on the land for 1 nm protein layer ͓n = 1.48, Fig. 1͑c͔͒ . Antibody molecules are evenly immobilized across an entire area of the array ͓Fig. 1͑a3͔͒ and form a dielectric layer. The changes in layer thickness after an immunoassay are measured by monitoring the spotland contrast induced by the patterned substrate ͓Fig. 1͑a4͔͒.
The conversion between the spot-land contrast and protein thickness is derived using a general model of a biomaterial on a substrate. If the substrate has reflection coefficient r in an ambient medium with refractive index n m under conditions of light wavelength ͑in vacuum͒ and incidence angle 0 , then after applying a biomaterial layer with thickness d ͑d Ӷ͒ and refractive index n p on the substrate, the reflection coefficient is changed to rЈ ͑Refs. 5 and 7͒ and
where r p is the reflection at the interface between the ambient medium and the protein, and p is the refraction angle in the protein layer. For the case of s-polarization ͑including normal incidence͒, Eq. ͑1͒ is simplified to be
Based on Eq. ͑2͒, the reflectance change ratio due to the biomaterial layer is approximately
For a LC BioCD, the reflection coefficients are r on the spot region and r ͑conjugate value of r͒ on the land region. The spot-land contrast is defined as C = ͑R spot − R land ͒ / ͑R spot + R land ͒. Contrast is zero for a LC BioCD without a protein layer. The contrast increment due to an added thickness d of biomaterial is
Therefore, the 140/77 nm LC BioCD has a conversion factor ⌬C = 2.55% for adding 1 nm protein ͑n = 1.48͒ in air or 0.51% in water ͑n m = 1.33͒ under the condition of 633 nm light normal incidence.
To demonstrate the performance of the LC BioCD and to explore its potential in real-time interaction studies, we performed a rabbit IgG assay on the surface-silanized LC chips ͑potein can be immobilized on silanized surfaces by physical adsorption. [8] [9] [10] ͒ and acquired the kinetic curves of assays at multiple concentrations. The LC BioCD was in the format of 2 ϫ 2 spots on chips. The diameter of each spot was 150 m. The protein thicknesses were detected by molecular interferometric imaging ͑MI2͒. with 7ϫ objective lens. The contrast value is calculated for each frame and converted to protein thickness, and the protein thickness change due to immunobinding is monitored in real time. The frame rate can be manipulated with a trade-off between shot noise and image capture speed. A microfluidic channel was built by covering a coverslip on the LC chip with a 0.5 mm gap between the coverslip and the chip. Protein solution was driven continuously through the channel and therefore provides a stable liquid environment with uniform protein concentrations. The contrast conversion factor is 0.51% for 1 nm protein in this situation because the detection was done in the water environment ͓referring to Fig.  1͑c͔͒ . In the assay process, 10 g / ml polyclonal antirabbit IgG ͑R2004, Sigma Inc.͒ in phosphate buffered saline ͑PBS͒ ͑pH = 7.4͒ solution flowed across each LC chip for 1.5 h on five chips. About 2.4 nm antibody was immobilized on the chips after this step. In step two, 0, 100, 200, 500, and 1000 ng/ml rabbit IgG ͑I5006, Sigma Inc.͒ in PBS flowed, respectively, across five chips for 2 h, and the rabbit IgG bound with the anchored antibody ͑forward assay͒. In the last step, 10 g / ml antirabbit IgG flowed across each chip for 1.5 h. This secondary antibody binds with the bound antigen to amplify the protein thickness ͑sandwich assay͒. Protein thicknesses were measured in real time. Five kinetic curves were acquired in Fig. 2͑a͒ for the process of antibody printing, a forward assay and a sandwich assay. The curves of the forward assays are fitted in Fig. 2͑b͒ by the equation
where
In Fig. 2͑b͒ , H and values are found by fitting at conditions of ͓Ag͔ = 100, 200, 500, and 1000 ng/ml. Therefore the maximum height of bound antigen layer H max , antigenantibody dissociation constant k off , association constant k on , and equilibrium constant k D can be found by fitting H and in Eqs. ͑6͒ and ͑7͒. The results are H max = 0.60 nm, k off = 4.35ϫ 10 −5 s −1 , k on = 435 g −1 ml s −1 , and k D = 100 ng/ ml. These values indicate approximately 25% activity for the antibody molecules anchored by physical adsorption.
The detection limit of the protein thickness is 3 pm based on the area of four spots and the relevant land ͑overall, about 0.1 mm 2 ͒. This was estimated by subtracting a fitted curve from the 100 ng/ml forward assay data ͓Fig. 2͑b͔͒ and calculating the standard deviation of the data points after subtraction. A 3 pm detection limit was also found by analyzing the standard deviation of the 0 ng/ml forward assay data without curve subtraction ͑where the curve is flat͒. From the results, LC chips and the MI2 system provide an accurate and efficient tool to perform protein interaction studies.
The ability of the LC BioCD to detect protein concentration was also explored in assays in the dry condition. A spinning disk interferometry ͑SDI͒ 5,13 system was used to acquire the reflectance image of a LC BioCD for 1 / f noise suppression 4 and high throughput on the SDI system. In this assay, the LC BioCD is in the format of 96 wells on a silicon thermal oxide wafer with 100 mm diameter. Each well consists of 8 ϫ 8 spots which can detect one type of protein. All spot regions have 140 nm thickness SiO 2 film while the land is etched to be 77 nm. The disk is mounted on a motor fixed on a translational stage in a configuration similar to a CD reader. The motor is spun at 1200 rpm and the linear stage moves at a step of 5 m. A 633 nm laser beam is focused on the LC BioCD with 5 m resolution. Reflected laser intensity is detected by a silicon detector and the signal is sent to a computer where the reflectance image of the entire disk is reconstructed. FIG. 1 . ͑Color online͒ The principle of the LC BioCD ͑in chip format͒. ͑a1͒ Spot patterns were etched on silicon thermal oxide chips by photolithography ͑140 nm SiO 2 on spots/77 nm SiO 2 on land͒. ͑a2͒ The spot and land have the same reflectance at 633 nm wavelength ͑normal incidence͒. The spot-land contrast is zero. Black circles in the picture are due to light scattering on the edge of the spots. ͑a3͒ The spot-land contrast appears after evenly applying an antibody layer on the entire chip. ͑a4͒ The contrast continues to increase after a sandwich assay. ͑b͒ LC chips work in both air and water environment, and the working condition 77 nm/140 nm is suitable for both cases. ͑c͒ The calculated reflectance changes to a protein layer are opposite and optimized on the spot and land. The contrast-protein conversion factor is calculated to be 2.55% per 1 nm protein in air and 0.51% in water.
The LC BioCD was surface silanized to immobilize antibody by physical adsorption, and 100 g / ml antirabbit IgG in PBS was loaded on eight wells with a pipette. The wells were fully and evenly incubated in antibody solution for 30 min, followed by washing and drying the disk. A prescan was performed to record the initial height of the antibody layer on all wells, and then the eight wells were incubated with 0, 10, 30, 100, 300, 1000, 3000, and 10 000 ng/ ml rabbit IgG ͑I5006, Sigma Inc.͒ in PBS +0.05% Tween 20 ͑PBST͒ for 30 min, and then washed by DI water and incubated with 10 g / ml antirabbit IgG in PBST for 30 min. All incubations were static ͑ambient͒. A postscan was performed to record the protein height after an assay. The height increment due to the sandwich assay was calculated and the response curve is shown in Fig. 3 fitted by Langmuir equation. The equilibrium constant was found to be 550 ng/ml, which is larger than the 100 ng/ml acquired by the MI2 system because of the protein transport diffusionlimited incubation. The k D here is an effective value for the equilibrium constant between antigen and antibody binding.
In conclusion, the LC BioCD has the potential for accurate self-referencing and high-sensitivity detection in immunoassay applications. The protein array can be produced simply by dipping the etched chips or wafer into protein solution and is therefore mass producible. The spot quality is much more uniform than traditionally printed protein spots because of the maturity of photolithography. The application of the LC BioCD is not limited to protein interaction studies. It can be used to detect any material binding with the surface with thickness ranging from 1 pm to 10 nm.
This work was sponsored under grants from Quadraspec, Inc. and from the Indiana Economic Development Corporation through the Purdue Research Foundation. FIG . 2. ͑Color online͒ The kinetic curves of rabbit IgG forward and sandwich assays. ͑a͒ The complete process of the immunoassays ͑including antibody immobilization, forward assay, and sandwich assay͒ at five concentrations monitored in real time. Flow rate is 2 mL h −1 mm −2 . 1000 ng/ml mouse IgG and 0 ng/ml rabbit IgG are controls. ͑b͒ The forward assay part of ͑a͒ was analyzed and fitted by the real-time binding equation ͓Eq. ͑5͔͒. The relevant binding parameters k off = 4.35ϫ 10 −5 s −1 , k on =435 g −1 ml s −1 , k D = 100 ng/ ml, and maximum antigen layer height H max = 0.60 nm were calculated from the H and fits.
FIG. 3.
The response curve of rabbit IgG sandwich assay read in the dry state. 100 g / ml antirabbit IgG in PBS was incubated on eight wells of a LC BioCD for 30 min to form an antibody layer. Concentrations of 0, 10, 30, 100, 300, 1000, 3000, and 10 000 ng/ ml rabbit IgG were incubated on the eight wells for 30 min, and then incubated under 10 g / ml antirabbit secondary on all wells for 30 min. The contrast differences ͑⌬C͒ before and after the sandwich are shown for 30, 100, 300, 1000, and 3000 ng/ml concentration groups.
